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Abstract
Precision gauge coupling unification is one of the primary quantitative successes of low energy
or split supersymmetry. Preserving this success puts severe restrictions on possible matter and
gauge sectors that might appear at collider-accessible energies. In this work we enumerate
new gauge sectors which are compatible with unification, consisting of horizontal gauge groups
acting on vector-like matter charged under the Standard Model. Interestingly, almost all of these
theories are in the supersymmetric conformal window at high energies and confine quickly after
the superpartners are decoupled. For a range of scalar masses compatible with both moderately
tuned and minimally split supersymmetry, the confining dynamics happen at the multi-TeV
scale, leading to a spectrum of multiple spin-0 and spin-1 resonances accessible to the LHC,
with unusual quantum numbers and striking decay patterns.
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1 Introduction
Direct and indirect searches for new physics at the weak scale have produced only null results so far.
It is looking increasingly more likely that the widely shared and deeply rooted belief in a perfectly
natural explanation for the origin of the electroweak scale is not correct, just as we have not seen
a natural solution to the cosmological constant problem. On the other hand, belief in naturalness,
especially in the context of low-energy supersymmetry (SUSY), was associated with a spectacular
quantitative success – supersymmetric gauge coupling unification [1]1 – as well as a beautiful and
calculable picture for dark matter candidates [3]. If naturalness was far wide of the mark, why did
it lead to these remarkable successes? It is of course possible that supersymmetric unification is
a ∼ 1% accident, but it seems more interesting and productive to think about whether all of the
clues we have seen, both positive and negative, might be correct, but teaching us a different lesson
than we imagined.
One obvious possibility is that SUSY solves the biggest part of the hierarchy problem, but that
a ∼ 1% level tuning just happens; we can point to examples of accidental tunings at this level in
other areas of physics. If this is the case, some or all of the superpartners may not be accessible
to the LHC. This is admittedly an uncomfortably “middling” possibility – once tuning is allowed,
why stop at the percent level? Furthermore, moderately heavy ∼ 10 TeV superpartners still suffer
from flavor and CP problems that require some degree of model-building gymnastics to avoid.
Minimal split SUSY offers a more coherent picture [4–9]. From the top down, the observation
that the most straightforward ways of breaking SUSY lead to scalars a loop factor heavier than
gauginos is already a strong theoretical motivation for considering a specific level of split spectrum.
The fermion spectrum is anchored by getting the correct dark matter abundance. The∼ 10−4−10−6
1See [2] for a review of the original literature on grand unified theories.
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tunings needed for generating the weak scale, which would seem absurd from a standard “mono-
vacuum” perspective, seem inconsequential relative to the vastly larger tunings associated with the
cosmological constant. Furthermore, scalars in the 100 − 1000 TeV range are much more easily
compatible with the absence of flavor changing neutral currents (FCNC), CP violation [10], and
the cosmological moduli problems [11, 12]. Quite nicely, this setup predicts a Higgs mass between
∼ 120 − 135 GeV [13], in agreement with its observed value. It is possible, however, that even
if split SUSY is correct, we do not see the fermionic superpartners at the LHC. To take a simple
limit, the WIMP miracle for pure winos and higgsinos needs them to be near ∼ 3 TeV and ∼ 1
TeV respectively. These are too heavy to be directly produced at the LHC (though they should
be accessible to a possible 100 TeV collider [14]), and if these masses are at the bottom of the
spectrum, it is quite conceivable that the gluino is too heavy to be LHC accessible as well.
Thus in both of these pictures it is quite possible that we will be unlucky and the LHC will not
produce the particles motivated to be near the TeV scale – either all the superpartners (motivated
by naturalness in conventional SUSY) or the gauginos/higgsinos (motivated by dark matter in
minimal split SUSY). Given this state of affairs, it is important to ask whether we might get lucky
in some other way and find other new particles which are not directly associated with naturalness
or dark matter, but which might nonetheless show up at the TeV scale. This is what we will
investigate in this paper.
Very naively, there seems to be a vast theoretical zoo of “unmotivated” new theories and
associated new particles to examine and look for. However, we will find that demanding that
any new particles not spoil the success of supersymmetric gauge coupling unification puts severe
restrictions on possible matter and gauge sectors that might appear at collider-accessible energies.
We can have new vector-like matter beyond the minimal (split) supersymmetric particle content.
To automatically preserve unification, the particles should come in multiplets of SU(5), and there
should not be too many of these multiplets at the TeV scale.
The case where the new particles are not charged under strong gauge dynamics is simple and
familiar. The vector-like masses must be near a TeV, a coincidence that might be explained by
linking them to whatever explains vector-like higgsino masses. The associated phenomenology is
also familiar, consisting of vector-like (5 + 5)s and (10 + 10)s (but no larger multiplets) that may
appear as collider-stable charged and colored particles or decay by mixing with standard-model
fermions (see [15] and references therein).
The case where the vector-like matter is charged under new strong gauge dynamics is more
interesting [16]. We enumerate all new gauge groups that can act on vector-like matter, finding
a surprisingly small list that can be explored systematically. Interestingly, almost all of these
theories are in the supersymmetric conformal window at high energies [17, 18] and confine quickly
after superpartners are decoupled. For a wide range of scalar masses compatible with both mildly-
tuned and minimally split SUSY, confinement happens at the multi-TeV scale, giving rise to a
panoply of still-lighter “pions” and “ρ mesons” charged under the Standard Model (SM) gauge
interactions. Thus, if these additional gauge groups are present, even if the particles motivated
by naturalness or dark-matter are not in reach, a rich (but systematically classifiable) spectrum of
new particles with striking experimental signatures could be accessible to the LHC.
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confining group GH flavor symmetry NF
SU(2)H SU(2NF ) → Sp(2NF ) ≤ 6
SU(3)H SU(NF ) × SU(NF ) → SU(NF ) ≤ 9
SU(4)H SU(NF ) × SU(NF ) → SU(NF ) ≤ 12
Sp(4)H SU(2NF ) → Sp(2NF ) ≤ 9
Table 1: Asymptotically free horizontal gauge groups compatible with perturbative unification. SM
gauge interactions are contained in a SU(5) subgroup of the flavor symmetry.
2 Unification and the Conformal Window
There is a short list of models with strong dynamics which are consistent with precision gauge
coupling unification. As we will show, the confinement scale is tied to the superpartner mass scale
in almost all cases.
In order to preserve unification, we require all additional matter that is charged under the SM
to transform in complete GUT multiplets. For the unified coupling to remain perturbative up to
the GUT scale, αGUT(MGUT) . 0.3, there can be no more than four 5 + 5 pairs or a single 10 + 10
pair that can be accompanied by a single 5 + 5 pair [19–21]. The flavor symmetry which exchanges
these vector-like pairs, which we call GH (sometimes referred to as hypercolor [16]), commutes with
SU(5) and can therefore be gauged consistent with SM symmetries. In general, SU(5) can be a
subgroup of a larger (partially gauged) global flavor symmetry, so that the new matter transforms
under G = GH ×GF , with SU(5) ⊂ GF .
In this setting, constraining the SM-charged matter content of the theory automatically reduces
the possible choices for GH . We are limited to groups that have representations with dimension
smaller than or equal to four. This includes the SU(N) groups with N ≤ 4, the SO(N) groups with
N ≤ 6, and the Sp(2N) groups with N ≤ 2.2 Isomorphisms between Lie algebras leave us with
SU(N)H with 2 ≤ N ≤ 4, SO(4)H , and Sp(4)H .
If we require GH to be asymptotically free, we can embed the new matter in the fundamental
representation of SU(N)H with 2 ≤ N ≤ 4 or Sp(4)H , while SO(4)H is ruled out. The number of
flavors (with respect to GH) must be at least five if we want to unify into SU(5), but in principle the
flavor symmetry can be enlarged without spoiling unification, resulting in additional SM singlets.
The maximum number of flavors allowed for each group is listed in Table 1.
The restrictions on N and NF discussed above have a very interesting consequence: most of the
theories in Table 1 are in the supersymmetric conformal window in the UV [17,18]. This is shown
schematically in Fig. 1. More precisely, SU(2)H , SU(3)H , and Sp(4)H are in the supersymmetric
conformal window in the UV. SU(4)H may be in the conformal window as well, but only if NF ≥ 7.
Once the superpartners have been decoupled, all of these theories enter a confining phase according
2There aren’t any viable exceptional groups, and the only viable product groups are isomorphic to SO(4).
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Figure 1: Schematic representation of our setup. In the UV the gauge theories in Table 1 are in
the supersymmetric conformal window and flow towards their IR fixed point (blue). The fixed
point may be reached before the superpartners are decoupled, in which case the theory becomes
conformal (purple). Once the superpartners are decoupled at m˜, the new gauge interactions enter
a confining phase (red).
to lattice computations [22, 23] or analytic estimates [24, 25]. Lattice simulations have shown that
for SU(2)H NF = 6 is expected to be close to the boundary of the (non-supersymmetric) conformal
window, while NF = 4 is confining [22]. For SU(3)H NF ≤ 8 is confining [23]. The other cases
have not been computed on the lattice, but analytic methods suggest that confinement occurs for
all possible NF values in Table 1 [24,25].
How much below the scale m˜ (where the superpartners are decoupled) confinement actually
occurs depends on the value of the gauge coupling, g, evaluated at m˜. For example, in SU(N)H
supersymmetric gauge theories near the top of the conformal window (NF = 3N − N for  1),
the fixed point is g2∗ =
8pi2
3
N
N2−1 +O(2), with g∗ growing as we move towards the bottom of the
window (NF → 3N/2). In the theories we discuss, given the values of N and NF in Table 1, g∗
is always rather large, meaning that confinement generically occurs immediately below m˜, or else
a decade or two below. In practice it is hard to say anything more precise, due to the size of the
coupling.3
We see that, in this class of theories, the confinement scale is tied to the superpartners mass
scale. Even abandoning naturalness completely, the observed value of the Higgs mass requires
superpartners below ∼ 100 − 1000 TeV, unless tanβ is extremely close to one, either in split or
high scale supersymmetry [9,13]. Gauge coupling unification favors a similar upper bound [13]. As
discussed previously, there is also a host of other considerations that point to superpartners in this
range, from the absence of FCNC’s and CP signals to dark matter in split scenarios. Thus it is
3Conceptually it is possible that the theory is still flowing towards the fixed point as we hit m˜ and that g(m˜) < g∗.
In this case several decades of running could be needed before confinement occurs.
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reasonable to expect a confinement scale between 1000 TeV and a TeV.
Now consider the minimal picture in which this scenario is realized. In the low-energy theory,
the flavor symmetry of the confining group is explicitly broken only by SM gauge interactions. Then
after confinement and spontaneous chiral symmetry breaking, we are left with pseudo-Goldstone
bosons with masses a SM loop factor below the confinement scale. Even in the phenomenologically
worst case, when the theory confines around 1000 TeV, this can be interesting both for the LHC
and a future 100 TeV proton-proton machine.
In the following section we discuss the phenomenology of this class of theories. For the reasons
explained above, we will focus mainly on models with small explicit breaking of the chiral symmetry.
In such cases the spectrum of the theory contains pseudo-Goldstone bosons parametrically lighter
than the confinement scale.
3 Particles and Interactions
3.1 Matter Content
If explicit chiral symmetry breaking is small, the lightest states in the theory are its pseudo-
Goldstone bosons, which from now on we call pions. For the gauge groups SU(3)H and SU(4)H ,
with the minimal number of flavors, the symmetry breaking pattern is SU(5) × SU(5) → SU(5),
which results in pions in the 24 representation of the unbroken, diagonal SU(5). When the gauge
group is SU(2)H or Sp(4)H we expect the symmetry breaking pattern to be instead SU(10) →
Sp(10) which results in pions in the 44 of Sp(10) [26]. In terms of SU(5), these pions decompose as
44→ 24 + 10 + 10. (1)
Thus we see that the 24 is common to all cases, but the additional pions in the 10 and 10 are only
present for the gauge groups SU(2)H and Sp(4)H .
Since we are always considering theories with weakly coupled UV completions, it is useful to
explicitly introduce the 5 and 5’s that condense to form the pions
F i = (D, Lc)i, F ci = (D
c, L)i . (2)
Here i runs from 1 to N which specifies the number of fiveplets added. The Fi transform as
a fundamental of GH , with the F
c
i in the antifundamental. As usual, D is a color triplet with
hypercharge Y = −1/3, and L is an SU(2)L doublet with hypercharge Y = −1/2.
The pions in the 24 are summarized in Table 2 along with their constituents and quantum
numbers. There is a color octet, pi8, an electroweak triplet, pi3, a SM singlet, pi1, and an exotic,
colored pion QX that is both an electroweak doublet and a color triplet. In addition, there is a
second SM singlet, pi′, which we include in the pion list even though it receives mass contributions
independent of chiral symmetry breaking, because it mixes with pi1 after explicit breaking of SU(5).
There are two sources of explicit breaking of SU(5) × SU(5) (or SU(10)) that give mass to
the pions: loops of SM gauge bosons and vector-like constituent masses [16].4 The gauge loop
4States in electroweak multiplets are split by ∼ αMZ , but this is not relevant for the phenomenology we discuss.
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meson constituents (SU(3)c, SU(2)L)Y
pi8 D
cD (8,1)0
pi3 LL
c (1,3)0
pi1 2D
cD − 3LLc (1,1)0
QX = (X−1/3, X−4/3) LD (3,2)−5/6
Q∗X = (X4/3, X1/3) D
cLc (3¯,2)5/6
pi′ DcD + LLc 1
Table 2: Vector-like quark constituents and SM gauge groups representations of the pions in the
24 of SU(5).
contribution is fixed by the pion representations under the SM groups and gives a lower bound on
their mass
δm2pi =
3c2Λ2
16pi2
∑
G
g2GC
G
2 (pi). (3)
Here CG2 (pi) is the quadratic Casimir of the pion representation underG = {SU(3)c,SU(2)L,U(1)Y },
and Λ is the confinement scale of the new strong interactions. The parameter c represents an
unknown coefficient, as the quadratically-divergent loops are cut off by particles from the strongly-
interacting sector. In the following we set c = 1, which corresponds to assuming that the loop is
cut off by vector meson resonances with masses comparable to the confinement scale.
As in the Standard Model, explicit breaking of the chiral symmetry gives the pions mass at tree
level. There are two parameters, MD and ML, which are invariant under the SM gauge groups. If
these are equal at the GUT scale, then at low energies MD ≈ 2ML. While it is possible to stray
from this relation, deviations would indicate GUT-breaking boundary conditions (or threshold
corrections).
The pion masses, including both contributions, are shown in Fig. 2 as a function of the vector-
like quark masses for Λ = 3 TeV. At leading order in MD and ML they are
m2pi1 = 4Λ
2MD + 3ML
5
, (4a)
m2pi3 = 4ΛML +
3g2Λ2
8pi2
, (4b)
m2QX = 4Λ
MD +ML
2
+
g23Λ
2
4pi2
+
9g2Λ2
64pi2
+
25g′2Λ2
192pi2
, (4c)
m2pi8 = 4ΛMD +
9g23Λ
2
16pi2
. (4d)
Here we have used the naive dimensional analysis (NDA) estimate for the fermion condensate,
〈F ci F j〉 = f2Λδij , and chosen a normalization corresponding to f = 92 MeV in QCD [27].
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Figure 2: Masses of the pions in the 44 of Sp(10) as a function of the vector-like mass M = MD =
2ML.
The additional pions in the 44 are listed in Table 3. These include another color triplet and
electroweak doublet QY , which is almost mass-degenerate with QX , a color triplet Z2/3, and a
charged pion E± that is close in mass to pi3. Their masses are also shown in Fig. 2, and at leading
order in MD and ML they read
m2QY = 4Λ
MD +ML
2
+
g23Λ
2
4pi2
+
9g2Λ2
64pi2
+
g′2Λ2
192pi2
, (5a)
m2Z2/3 = 4ΛMD +
g23Λ
2
4pi2
+
g′2Λ2
12pi2
, (5b)
m2E± = 4ΛML +
3g′2Λ2
16pi2
. (5c)
This completes the set of possibilities for NF = 5. However, it is only the matter charged under
the SM that is limited by perturbative unification. As discussed in Sec. 2 we can add new SM
singlets and enlarge the flavor symmetry. So for NF > 5 we expect new 5, 5, and singlet pions in
addition to those already present for NF = 5. To see this in more detail, let us consider the case
NF = 6.
The constituent fields are extended to
F i = (D, Lc, S)i, F ci = (D
c, L, Sc)i, (6)
where S is a SM singlet. Furthermore, there is an additional relevant parameter, MS , which
explicitly breaks SU(6) × SU(6) and contributes to the pion masses. The pions, in this case, are in
the 35 of SU(6). Under the SU(5) subgroup containing the SM gauge groups, this representation
decomposes as
35→ 24 + 5 + 5 + 1. (7)
7
meson constituents (SU(3)c,SU(2)L)Y
QY = (Y2/3, Y−1/3) L
cD (3,2)1/6
Q∗Y = (Y1/3, Y−2/3) D
cL (3¯,2)−1/6
Z2/3 D
cDc (3,1)2/3
Z∗2/3 DD (3¯,1)−2/3
E+ LcLc (1,1)1
E− LL (1,1)−1
Table 3: Pions in the 10 and 10 of SU(5) that appear in the theories with a Sp(2NF ) flavor
symmetry.
Thus, in addition to the usual 24, there are also a composite 5 + 5 and a singlet. These states are
listed in Table 4. The masses of φD and φ
∗
L (the new states in the 5) are
m2φD = 4Λ
MD +MS
2
+
g23Λ
2
4pi2
+
g′2Λ2
48pi2
, (8a)
m2φL = 4Λ
ML +MS
2
+
9g2Λ2
64pi2
+
3g′2Λ2
64pi2
. (8b)
As in the case of SU(5) × SU(5), the singlet states can mix with pi′. This mixing, which is
proportional to SU(5) and SU(6) violation for pi1 and piS , respectively, vanishes in the chiral limit.
However, piS and pi1 still mix with one another in the presence of SU(5) violation. In this case the
singlet mass eigenstates are
a1 = pi1 cos θS + piS sin θS , (9a)
a2 = piS cos θS − pi1 sin θS , (9b)
tan 2θS =
12(MD −ML)
9MD + 16ML − 25MS , (9c)
with masses
m2a1,2 =
Λ
3
(
4ML + 3MD + 5MS ±
√
16(ML −MS)2 + 9(MD −MS)2
)
. (10)
Finally, when the confining group is SU(2)H or Sp(4)H , the symmetry breaking pattern is
SU(12) → Sp(12). The pions are in a 65 of Sp(12), which decomposes under SU(5) as
65→ 24 + 10 + 10 + 2× (5 + 5) + 1. (11)
These are all representations that we have already discussed, including the 5 + 5 pairs and the 1
that are present in SU(6) × SU(6). The new mesons are an extra 5 + 5 (with constituents DS and
8
meson constituents (SU(3)c,SU(2)L)Y
φD DS
c (3,1)−1/3
φ∗D SD
c (3¯,1)1/3
φL = (φ
0
L, φ
−
L ) SL (1,2)−1/2
φ∗L = (φ
+
L , φ
0∗
L ) L
cSc (1,2)1/2
piS SS
c (1,1)0
Table 4: Pions in the 5, 5, and singlet representations of SU(5) contained in the 35 of SU(6).
LcS), and their phenomenology is essentially the same as for the mesons in SU(6) × SU(6). For
even larger global symmetries, very little new phenomenology appears with respect to NF = 5 or
6. Let the global symmetry be NF = 5 + ∆. For SU(NF ) × SU(NF ) there are ∆ additional 5 + 5
pairs and ∆2 additional singlets. In SU(2NF ) there are 2∆ additional 5 + 5 pairs and ∆(2∆− 1)
new singlets.
In addition to pions, spin-1 states may be phenomenologically relevant, even with masses of
O(Λ). There are both vectors, which couple to the currents of the unbroken global symmetry, and
axial vectors, which couple to the currents of the broken global symmetry. For the gauge groups
SU(3)H and SU(4)H , the vectors fall into the 24 + 1 of SU(5) and the axial vectors into the 24.
When the gauge group is SU(2)H or Sp(4)H , the vector mesons now come in the 55 of Sp(10)
and the axial vectors in the 44 of Sp(10). The axial vectors in the 44 decompose under SU(5)
according to Eq. (1), while the vectors in the 55 decompose as
55→ 24 + 15 + 15 + 1. (12)
Again, the 24 is common to all cases, but we have additional states in the 15 and 15. These vector
multiplets contain particles with the SM quantum numbers
15→ (3,2)1/6 + (1,3)1 + (6,1)−2/3. (13)
As for the pions, going to NF > 5 introduces new 5s, 5s and singlets. For the SU(6) × SU(6)
global symmetry the vectors are in the 35+1 of SU(6) and the axial vectors are in the 35 of SU(6).
These decompose according to Eq. (7). For the SU(12) global symmetry the vectors are in the 78
of Sp(12) while the axial vectors are in the 65 of Sp(12). Under SU(5) the 65 decomposition is
given in Eq. (11) and the decomposition of the 78 is
78→ 24 + 15 + 15 + 2× (5 + 5) + 4× (1). (14)
As mentioned above, we are just adding more 5s, 5s and singlets compared to the NF = 5 case
and the same happens for NF > 6.
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Figure 3: Branching ratios of the real pions contained in the 24 of SU(5). In this figure the SM
gauge couplings are evaluated at 1 TeV.
3.2 Pion Phenomenology
It is useful to distinguish between real pions, i.e., those that are in real representations of the
SM gauge groups, and complex pions, which are not. All of the real pions come from the 24 of
SU(5) and are present in all the theories that we have discussed. For SU(3)H and SU(4)H with
NF = 5, the only complex pion is QX , while for SU(2)H and Sp(4)H there are also QY , Z2/3, and
E±. Finally, when NF > 5 there are the additional complex pions φD and φL.
Real pions interact with pairs of SM vectors through the global SU(5) anomaly
L ⊃ −NgAgB
16pi2f
µναβtr(piF
µν
A F
αβ
B ), (15)
where A,B ∈ {SU(3)c, SU(2)L, U(1)Y }, f is the chiral symmetry breaking scale, and pi, FA, and
FB are all embedded in SU(5). Through this coupling, the real pions always decay promptly. The
branching ratios are fixed by their gauge quantum numbers and are shown in Fig. 3.5
The coupling to the anomaly also leads to single production of pi8, pi1, and pi
′ in gluon fusion.
Although the rate, which is proportional to N2/f2 (or N/Λ2), may seem highly model-dependent,
recall there is a finite list of choices for N (see Table 1), and Λ is well-motivated to be near the
TeV scale. The left panel of Fig. 4 shows the single production rate in gluon fusion using N = 2
and Λ = 3 TeV. The right panel shows the single production of electroweak pions in vector boson
fusion.
5Note that the real pions branching ratios weakly depend on their masses through the running of the SM gauge
couplings. For example the branching ratios of pi8, pi1, and pi
′ to two electroweak gauge bosons vary by ≈ 10% when
changing the masses between 1 and 2 TeV.
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Figure 4: The single production cross section of real pions in gluon fusion (left) and the single
production cross section of pions in vector boson fusion (right). Both figures use N = 2 and Λ = 3
TeV and assume a single strong coupling in the confining sector, gρ = 4pi/
√
2.
From single production of pi8, one expects to see resonances in the dijet, jγ, and jZ spectra.
Similarly, there should be resonances in the dijet, WW , ZZ, Zγ, and γγ channels at the pi1 mass.
pi3 decays lead to Wγ and WZ resonances in vector boson fusion, albeit at much lower rates. Other
signatures will be discussed in more detail in Sec. 4.
In addition to these single production channels, both the real and complex pions can be pair
produced at the LHC via their SM gauge interactions. Clearly the colored pions, pi8, QX , QY , and
Z2/3, have the highest cross sections, shown in the left panel of Fig. 5. The smaller pair production
cross sections for the electroweak states are shown in the right panel.
Note that due to the QCD contribution to their masses, the colored pions are also heavier. In
addition to that the uncolored states can decay to final states with very low background, so it is
not obvious a priori what are the first signals that we should expect to observe. Before addressing
this question in Sec. 4, we move on to discussing the decays of the complex pions.
Complex Pion Decays for SU(NF ) × SU(NF )
We first consider the SU(3)H and SU(4)H cases with NF = 5, in which QX is the only complex pion.
Given the interactions from the confining sector, QX would be stable; however, it can decay through
higher dimensional operators, just as charged pions in the SM decay through weak interactions.
Assuming baryon number B and lepton number L are good symmetries at the scale where the higher
dimensional operators are generated, the decays depend on the B and L charges of the vector-like
constituents of the pions.
With the “usual” assignment of (B, L) = (1/3, 0) for D and (B, L) = (0, 1) for L the leading
decays come from
L ⊃ c1 f
M2∗
∂µQX`σ¯
µdc + c2
f
M2∗
∂µQXqσ¯
µec (16)
in which M∗ is the scale at which these operators are generated, and ci are numerical coefficients
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Figure 5: The pair production cross section of colored pions (left) and of electroweakly charged
pions (right) contained in the 44 of Sp(10).
assumed to be O(1). Here the parametric dependence of the operators on Λ and f is estimated
using NDA, in specific UV completions the operators coefficients can be further suppressed (for
example by (ML + MD)/Λ, as we see in the following).
6 As listed in Table 5, these interactions
lead to the following decays of QX = (X−1/3, X−4/3):
X−1/3 → u`−, dν, (17a)
X−4/3 → d`−. (17b)
Here, and elsewhere, u denotes any of the up-type quarks and d denotes any of the down-type
quarks. Thus, although QX decays as a leptoquark, squark searches can be sensitive to X−1/3
decays, due to the missing energy from the neutrino. The decay length of QX to fermions a and b,
with masses ma and mb, is
τ ' 0.1 mm
(
0.1
ci
)2(3 TeV
Λ
)2( M∗
10 TeV
)4((1 GeV)2
m2a +m
2
b
)(
1 TeV
Mpi
)
. (18)
The helicity suppression leads to a preference for QX to decay to third generation fermions.
Since the operators in Eq. (16) generate four-fermion interactions, they are constrained by
flavor observables. These limits can easily cause the QX decays to become displaced. To see this
we can consider a UV completion that generates the operators in Eq. (16). For example, consider
adding a vector-like pair of chiral superfields, Φ and Φc, which transform as a fundamental and
antifundamental, respectively, of the confining group GH , but as singlets of the flavor symmetry:
W ⊃MΦΦΦc + λL,iΦcLc`i + λD,iΦcDdci +MLLLc +MDDDc. (19)
6In order to keep the discussion as readable as possible, we only write down the leading operators. When multiple
operators related by equations of motion can be generated we typically write only one of them if including the others
does not appreciably alter the branching ratios. For instance, in Eq. (16) the operators QXd
cecHc, QXu
cecH, and
QXq`H are omitted because they lead to the same final state except in the case of subleading three body decays.
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Here i is a SM flavor index and SU(5) enforces λD,i = λL,i at the GUT scale. These couplings are
constrained by low-energy flavor observables, the most important of which are K0− K¯0 oscillations
and µ→ eγ decays. The relevant effective operators are generated at one loop:
L ⊃
(
λD,sλ
∗
D,d
4piMΦ
)2
(d¯cσ¯µsc)2 +
λL,eλ
∗
L,µe
16pi2
mµ
M2Φ
(µcσµνeL)Fµν + ... (20)
dropping O(1) factors. The MEG experiment places a bound on BR(µ → eγ) < 5.7 × 10−13 [28].
In terms of the singlet mass and couplings, this requires M2Φ/(λL,eλ
∗
L,µ) & (60 TeV)2. The absence
of left-handed flavor violation in the quark sector weakens the limits from K0−K¯0 oscillations [29],
for which <(MΦ/(λD,sλ∗D,d)) & 80 TeV. The bound on CP violation, however, is somewhat more
powerful, requiring =(MΦ/(λD,sλ∗D,d)) & 1.3× 103 TeV.
With these restrictions, we can compute the minimum lifetime of QX . The decay will proceed
through the operators in Eq. (16), with M∗ = MΦ and c1 = λ∗LλD(ML+MD)/Λ.
7 As long as the λ
couplings are sufficiently small, λ . 0.05, the dominant constraint comes from µ→ eγ. Assuming
flavor anarchy in the Φ couplings, QX decays must then be displaced. For the parameters of
Eq. (18), we need c1 . 10−3 and thus τ & 1 m. The next generation of lepton flavor violation
experiments, such as MEG2 [30] and Mu2e [31], will improve limits on the mass scale of lepton
flavor violation by almost an order of magnitude [32]. Thus, the observation of displaced QX decays
may predict measurable lepton flavor violation in the near future.
Other assignments of B and L are possible as well, for example the “Higgs-like” choice of
(B, L) = (0, 0) for L, keeping the usual (B, L) = (1/3, 0) for D. The leading operator in this case is
L ⊃ c Λf
M2∗
QXd
cH˜u, (21)
where H˜u is a higgsino, leading to squark-like decays of QX . The decay is prompt, with
τ ' 10−11 m
(
0.1
c
)2(3 TeV
Λ
)4( M∗
10 TeV
)4(1 TeV
Mpi
)
. (22)
Alternatively, (B, L) = (−2/3, 0) for D and (B, L) = (0, 0) for L would allow the operator ∂µQX u¯cσ¯µq.
For all other B and L choices QX can decay only via operators of dimension higher than six,
rendering it collider stable. Moreover, only the first assignment, with a quark-like D and a lepton-
like L, has an SU(5)-invariant UV completion that contains no additional SM-charged matter and
allows all of the pions (including the additional ones in the 44 of Sp(10) discussed in the next
section) to decay.
For NF > 5, there are the additional complex pions φD and φL. Given the assignments (B, L) =
(1/3, 0) for D, (B, L) = (0, 1) for L, and (B, L) = (0, 0) for S, the lowest dimensional operators are
L ⊃ cL Λf
M2∗
φLe
cH˜d + cD
Λf
M2∗
φD q¯
¯˜Hd (23)
so that φD and φL decay like a squark and slepton, respectively. However, with a “Higgs-like”
assignment of (B, L) = (1/3, 0) for D and (B, L) = (0, 0) for L, a new feature arises. φL is now
7Here we neglect the (f/M2∗ )∂µQX q¯σ¯
µec operator as its coefficient is loop suppressed in this UV completion.
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particle SU(5) × SU(5) SU(10) dominant decays decay
pi8 (8,1)0 X X gg, gγ, gZ prompt
pi±3
(1,3)0
X X W±γ,W±Z prompt
pi03 X X γγ, Zγ, ZZ prompt
pi1 (1,1)0 X X gg,W+W−, ZZ, Zγ, γγ prompt
pi′ (1,1)0 X X gg,W+W−, ZZ, γγ, Zγ prompt
X−1/3
(3,2)−5/6
X − u`−, dν displaced, 3rd gen
X−4/3 X − d`− displaced, 3rd gen
X−1/3
(3,2)−5/6
− X E−d`+ prompt
X−4/3 − X E−dν¯ prompt
Y2/3
(3,2)1/6
− X d`+ prompt
Y−1/3 − X dν¯ prompt
Z2/3 (3,1)2/3 − X d¯[id¯j] prompt
E+ (1,1)1 − X `+ν prompt
Table 5: Summary of pion decays with the usual B and L assignments (i.e., D quark-like and L
lepton-like).
a scalar electroweak doublet without lepton number, and so in the presence of CP violation, the
operator
L ⊃ c6HΛfφLH, (24)
can be generated. The φL-Higgs mixing is interesting because it occurs even without electroweak
symmetry breaking. Of course, once electroweak symmetry is broken, the Higgs can mix with any
of the singlets in the spectrum (provided that CP is broken) such as the pi1, pi
′, or piS . The mixing
with these states, however, is induced by irrelevant operators such as
L ⊃ cΛf
M∗
piS |H|2 . (25)
Complex Pion Decays for SU(2NF )
We next consider the SU(2)H and Sp(4)H cases in which we have the full set of complex pions.
The additional states all decay through operators similar to that in Eq. (21), with B and L assign-
ments determining the fermion flavor. Their decays can therefore be prompt, with lifetimes given
parametrically by Eq. (22).
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particle SU(5) × SU(5) SU(10) dominant decays decay
pi8 (8,1)0 X X gg, gγ, gZ prompt
pi±3
(1,3)0
X X W±γ,W±Z prompt
pi03 X X γγ, Zγ, ZZ prompt
pi1 (1,1)0 X X gg,W+W−, ZZ, Zγ, γγ prompt
pi′ (1,1)0 X X gg,W+W−, ZZ, γγ, Zγ prompt
X−1/3
(3,2)−5/6
X X dχ˜0 prompt
X−4/3 X X dχ˜± prompt
Y2/3
(3,2)1/6
− X uχ˜0, dχ˜+ prompt
Y−1/3 − X dχ˜0, uχ˜− prompt
Z2/3 (3,1)2/3 − X d¯[id¯j] prompt
E+ (1,1)1 − X ud¯, χ˜+χ˜0 prompt
Table 6: Summary of pion decays with the Higgs-like B and L assignments (i.e., D quark-like and
L Higgs-like).
For example, given the B and L assignment (1/3, 0) for D and (0, 1) for L, the additional pions
decay through
L ⊃ cE Λf
M2∗
E+`[i`j] + cY
Λf
M2∗
QY d
c`+ cZ
Λf
M2∗
Z2/3d[idj], (26)
in which the i and j indices indicate that the two fermions must have different flavor. This leads to
the final states of Table 5. Note that as E+ → `+[i νj], the lepton flavor antisymmetry does not affect
collider phenomenology. For Z2/3, the flavor asymmetry is consequential: decays to jj or to bj are
possible, but not bb. Thus Z2/3 can appear as a stop with R-parity violation. Cascades to other
pions are possible, for example through Z2/3d¯c ¯`QX , Z2/3qqE
−, Z2/3d¯cu¯cE−, or Z2/3qλ˜QX (where λ˜
is a singlet fermion such as a bino or singlino), and generated at O(1/M2∗ ) by the strong dynamics.
However, due to the three-body phase space, these decays are subleading to d¯[id¯j]. Nevertheless,
they could lead to more distinctive signals.
Alternatively, Higgs-like B and L assignments give
L ⊃ cE1 f
M2∗
∂µE
+d¯cσ¯µuc + cE2
Λf
M2∗
E+H˜dH˜d + cE3
Λf
M2∗
E+ ¯˜Hu
¯˜Hu
+ cY 1
Λf
M2∗
QY q¯
¯˜
λ+ cY 2
Λf
M2∗
QY d
cH˜d + cY 3
Λf
M2∗
QY u
cH˜u + cZ
Λf
M2∗
Z2/3d[idj],
(27)
with the leading decays given in Table 6. When kinematically allowed, E± decays promptly to
neutralinos and charginos; otherwise, the decay goes to ud¯ and is displaced as a result of the chiral
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suppression. The lifetime is then given by Eq. (18). QY decays are now squark-like, while Z2/3
decays through the same operator as before.
For QX , the operators in Eqs. (16) and (21) are still present for the appropriate B and L
assignments. Now, however, there are additional operators due to the presence of the other mesons.
For the standard B and L numbers, and given the four-fermion couplings that lead to Eq. (26), the
strong dynamics generates
L ⊃ c′ Λ
M2∗
QXd
c`E+. (28)
The QX components then decay as
X−1/3 → d`+E− → d`+(`−ν), (29a)
X−4/3 → dν¯E− → dν¯(`−ν), (29b)
with a lifetime
τ ' 10−9 m
(
0.1
c′
)2(3 TeV
Λ
)2( M∗
10 TeV
)4(1 TeV
Mpi
)3
. (30)
Similar cascades are not relevant for other pions that can decay directly to SM states without any
chiral suppression.
In the simple UV completion of Eq. (19), this cascade would not be generated, and the other
complex pions in the 44 would be stable due to unbroken, accidental symmetries. In order to make
these states decay, additional interactions are needed. Adding
W ⊃ λcL,iΦLc`i + λcD,iΦDdci (31)
to the superpotential of Eq. (19) leads to the operators in Eq. (26):
L ⊃ Λfb
∗
Φ
M4Φ
[
λL,iλ
c
L,jE
+`[i`j] + λD,iλ
c
L,jQY d
c
i`j + λD,iλ
c
D,jZ
∗
2/3d
c
[id
c
j]
]
. (32)
Here bΦ is the (R-symmetry breaking) soft mass for φφ
c. To avoid flavor constraints, one only needs
c ∼ λ2b∗Φ/M2Φ . 0.03, so the decays of the complex pions can still be prompt. This superpotential
gives rise to the cascade decay for QX , with c
′ ∼ λDλcLb∗Φ(ML + MD)/ΛM2Φ . 10−3. Thus all of
the pions in the 44 can have prompt decays, without tension with flavor observables. By contrast,
if only the pions in the 24 are present, QX decays are displaced (by at least 1 m). There are other
B and L choices that would allow all mesons to decay; however, each of these contains at least one
meson that is collider stable. We leave a detailed discussion of these more exotic assignments to
future study.
3.3 Vector Interactions
Just as we did with the pions it is useful to sort the spin-1 mesons, the ρ’s, into two sets depending
on their quantum numbers. We call the ρ’s that can mix with the SM gauge fields real vectors and
the others complex vectors. Clearly the real vectors are much more relevant phenomenologically,
since they can be singly produced at the LHC with a potentially large cross section.
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The mixing between the real vectors and the SM gauge fields depends on the characteristic
coupling strength of the strong sector gρ. In the limit that gρ is much larger than the SM gauge
couplings gG the mixing is
G ' gG
gρ
. (33)
This induces interactions between the real vector ρµ and the SM current J
µ
G
L ⊃ −GgGρµJµG. (34)
The effective coupling between real vectors and SM fermions is then g2G/gρ. Thus, we can produce
real vectors, including the electroweak triplet, from qq¯ initial states.8 Whether the interactions in
Eq. (34) also give the main decay channels depends on the amount of chiral symmetry breaking.
If the pions are light, 2mpi < mρ, the vectors have an O(1) width and decay dominantly to two
pions. Because of the large vector width this case results in an additional contribution to pion pair
production with slightly different kinematics. As the pions get heavier, mρ/2 < mpi . mρ, decays
to two pions are kinematically forbidden and the dominant decays are either to a single pion and
a SM vector through a dimension-5 operator or to a pair of SM fermions through the coupling in
Eq. (34).
The complex vectors, on the other hand, only couple to pairs of SM particles through higher
dimensional operators analogously to the complex pions. Since the scale at which these operators
are generated is bounded by flavor constraints we expect pair production of complex vectors to
dominate over single production. Given the constraints on Λ shown in Sec. 4, it is unlikely that
pair production of the complex ρs will be relevant at the LHC.
4 Signals
4.1 Existing Direct Searches
The models described so far have a variety of new particles that produce a wealth of new signals.
While the colored states are produced with larger cross sections, the new colorless states are lighter
and lead to signatures with much lower backgrounds. Therefore it is not immediately clear which
signals we should expect to observe first at the LHC. To develop some intuition, we compare the
sensitivities of current analyses.
In Fig. 6 we show constraints from LHC searches. If more than one search is sensitive to the
same final state, we show and discuss only the strongest bound. For each constraint, if branching
ratios are not already fixed by anomalies, we assume a 100% branching ratio to the final state under
consideration. We take MD = 2ML from the assumption that the two parameters are equal at the
GUT scale. Furthermore, we assume that the strong sector is characterized by a single coupling
which we fix to gρ = 4pi/
√
2, as would be appropriate for GH = SU(2)H . With these two choices,
8The color octet vector can also couple to a pair of gluons through a dimension-6 operator. If the coefficient is
O(1) the contribution to the production rate is comparable to that of qq¯. We neglect this contribution in the rest of
the paper.
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Figure 6: Experimental constraints in the Λ vs. M plane, where Λ is the confining scale and M is
the chiral symmetry breaking vector-like mass (M = MD = 2ML). We assume a single coupling
for the strong sector, gρ = 4pi/
√
2.
only two parameters, Λ and M (where M = MD = 2ML), determine the decay and production
rates of all the pions and vector mesons.
The shaded regions in the figure correspond to constraints that cannot be evaded by judiciously
choosing an assignment of baryon and lepton number for D and L. These regions pertain to the
real vector mesons of the confining sector, as well as the real pions in the 24 of SU(5), which
dominantly decay through the anomaly.
Among the pions, the color octet gives the strongest of these constraints, both from its pair
production and subsequent decays into jet pairs [33] and from its single production [34–37] (orange
region in Fig. 6). In the case of pair production we show both the constraint from pi8 → jj (darker
blue) and the one from pi8 → bj (lighter blue), all contained in [33]. Bounds from the other pions
coupled to the anomalies are subdominant. Therefore, when the complex pions decay into final
states with low sensitivity (by an appropriate choice of the baryon and lepton numbers of the new
quarks, the UV scale M∗, and the superpartner masses) pi8 is the first new particle expected to be
observed at the LHC.
The complex pions become important, however, if D has baryon number B = 1/3, L has lepton
number L = 1, and M∗ is low enough to allow prompt decays. In this case QX and QY decay as
leptoquarks and E± decays to a lepton and a neutrino. Depending on the value of the vector-like
quark masses and the flavor structure of the model, we might either discover E± or one of the
leptoquarks before pi8. This is shown in Fig. 6 by means of two solid purple lines, below which
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we have an exclusion from current leptoquark searches, and a black solid line for E+ → `+ν. The
two choices of final state for the leptoquarks correspond to the most constraining (µ+jet) [38] and
least constraining (τ+b) [39] possibilities. The figure shows the exclusions for QY , as these bounds
apply to prompt decays, while in the simplest UV completions, this assignment of baryon and
lepton number causes QX decays to be displaced. The bounds on these displaced decays would be
similar to the ones shown.9 The bound on E+ → `+ν omits different-flavor final states as well as
those involving τs [45]. LHC searches for decays to τs do not improve over the LEP bound in our
case [46,47].
If, however, L does not carry lepton or baryon number, then QX and QY decay as squarks (see
Table 6), while E± decays to a chargino-neutralino pair. These bounds can be made arbitrarily
weak by an appropriate choice of gaugino or higgsino masses (i.e., compressing the spectrum), and
so are not shown. The same logic applies to the additional states, φL and φD, that are present in
theories withNF > 5. It is worth mentioning, however, that if the lightest neutralino is massless, the
bounds on the colored particles are comparable to the least sensitive one for leptoquarks (τ+b final
states). This gives roughly mQY & 600 GeV, for decays to light quarks, and mQY & 800 GeV, for
decays to bottom or top quarks [48–52]. The leptoquark exclusion, on the other hand, corresponds
to mQY & 740 GeV.
The second case in which we would expect to see something before pi8 is if either QX , QY or
E± are stable. The constraints from heavy stable charged particles searches [53, 54] are shown in
the figure as solid red lines. The band associated to QX depicts the uncertainty on the behavior of
colored particles inside the LHC detectors: the top of the band corresponds to the CMS tracker +
TOF analysis [54], while the bottom corresponds to the CMS tracker-only analysis with the charge
suppression model for the colored scalar propagation [54]. At low M , these searches are more
sensitive to E± than the other charged pions, even if QX or QY are also stable. This is simply due
to its smaller mass, mE±/mQ ∼ g′/gs + O(M/Λ). Inclusive searches for displaced decays [40–44]
are at most as sensitive as the stable search for QX .
Finally, we briefly comment on the real vector mesons of the confining sector. In most of the
parameter space, they decay to a pair of pions and they are broad (Γ/m = O(1)). In this case their
main effect is to modify the constraints on the previously-discussed pions by contributing to their
pair production cross section. We have not included this effect, which is typically negligible for the
values of Λ(≈ mρ) that we are considering.
On the other hand, when mρ < 2mpi, the dominant decay of the real ρs is to a pion and a SM
gauge boson. In this case the ρs are considerably narrower, and some of them have a significant
branching ratio to pairs of SM fermions. This leads, in the lower right corner of Fig. 6, to an
approximately triangular excluded region whose vertices are (M1,Λ1) ≈ (60 GeV, 1 TeV) and
(M2,Λ2) ≈ (300 GeV, 2 TeV). In this region, there is a bound from ρ8 → jj that was computed
assuming Λ = mρ. As with the other constraints, there are large uncertainties associated with the
strong dynamics (particularly in this corner of parameter space where M approaches f).
9The sensitivity of current inclusive searches for displaced decays [40–44] depends on the lifetime of the particle.
In the most favorable cases (cm . τ . m) it is comparable to that of the search for heavy stable charged particles
shown in Fig. 6.
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The pions that have not been mentioned explicitly, namely pi1, pi3, and Z2/3, give subdominant
constraints (or equivalently are not candidates for early discovery), given current LHC searches.
Before concluding, we note that when NF > 5 and L carries no lepton or baryon number, we
can have mixing between the Higgs and φL. Assuming that the mixing is small compared to the
φL mass mφL , it scales as
θ ∼ c6HΛf
m2φL
, (35)
in which m2φL = 2(ML +MS)Λ +O(αWΛ2). This is a CP violating effect, so there are constraints
not only from Higgs coupling measurements and φL direct production, but also from electric dipole
moment measurements. Higgs coupling measurements alone, which require θ . 10% [55, 56], rule
out the entire Λ vs. M plane in Fig. 6 if MS is comparable to MD and ML and c6H ∼ O(1). In
practice, this means that going beyond NF = 5 requires either giving lepton number to L, imposing
CP conservation in the UV, or adding large explicit chiral symmetry breaking. An alternate option
is to take c6H small, which can be technically natural since it arises from the Yukawa coupling
LSH in the UV.
For NF ≥ 7 it is possible to have singlets that do not couple to the anomaly, but which mix
with the Higgs after electroweak symmetry breaking. Their phenomenology is determined entirely
from this mixing.
To summarize, if either E± or QX,Y are stable, they give the first signal, with E± being the
very first for M . few GeV. Also, if QX,Y decay as leptoquarks (either promptly or with some
displacement) and E± decays to a first or second generation lepton plus a neutrino, we expect these
three to be the first particles to be observed. In all other cases we will first see either pi8 or, for
M & 60 GeV and sufficiently small Λ, its vector partner ρ8. Dedicated searches for new signals that
we describe in the next section can change this picture, making pi3 a candidate for early discovery.
This, together with the bounds on E±, demonstrates that we generically expect multiple states to
be discovered almost concurrently, regardless of whether they are colored.
4.2 Proposed Dedicated Searches
In addition to the signals described above, these models contain several new signals that the LHC
collaborations are not currently looking for. While inclusive searches have some sensitivity to these
signals, dedicated searches would greatly improve the reach.
QX cascade decays: Because all of its decays to pairs of SM fermions are suppressed by Yukawas,
it is quite plausible that
X−1/3 → d`+E− → d`+(`−ν¯),
X−4/3 → dν¯E− → dν¯(`−ν¯)
(36)
have the largest branching ratio.
Furthermore, QX is always pair produced, leading to final states with multiple leptons, jets,
and missing energy. These cascades can easily be prompt, as discussed in Sec. 3. Distinguishing
between these final states and the displaced decays of QX can give information on the structure
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of the theory. If the confining group is SU(2)H or Sp(4)H , we expect cascade decays to dominate,
while in the other cases (confining SU(3)H or SU(4)H) QX will appear as a long-lived leptoquark.
Of course, if QX is collider stable, the two possibilities become degenerate.
pi3pi
∗
3 → 4V : The SU(2) triplet pion decays only to pairs of electroweak gauge bosons. The
neutral component decays to γγ, Zγ, and ZZ, while the charged components decay to a W along
with a γ or Z. The branching ratios are shown in Fig. 3.
Pair production of pi3 dominates over single production for masses accessible at the LHC, so
we expect to observe final states with four gauge bosons. A zero-background search in the 8
TeV dataset with a 10% efficiency would be sensitive to pi3 masses up to 570 GeV. However, this
exclusion reach is reduced to 300 GeV if removing backgrounds would require one of the Z bosons
to decay to leptons. In the Λ vs. M plane of Fig. 6 this corresponds to a sensitivity comparable to
that of the search for a stable QX or the pi8 paired dijet search, respectively. The 13 TeV dataset
will become competitive once its integrated luminosity becomes comparable to that of the 8 TeV
dataset. This shows once more that in these models both colored particles and states with only
electroweak quantum numbers can be candidates for early discovery.
pi8 → gZ: The color octet pion can decay to a jet and a Z boson, giving a nice resonant signal.
As we discussed in the previous subsection, both single and pair production can be important,
leading to a variety of final states: (jj)(jZ), (jγ)(jZ), (jZ)(jZ), and (jZ), in which the pairs in
parentheses are resonant. While this is not a discovery channel, as the gZ branching ratio is just
a few permille, it would provide definitive evidence that the resonance in question is a pi8. ATLAS
and CMS are already looking for singly produced jγ resonances [57–59], but all the other final
states involving this decay are, as yet, unexplored.
Axion-like particles and other light bosons: To conclude this section, we mention an inter-
esting scenario that can arise naturally in our models. In the chiral limit, most of the phenomenol-
ogy is unaltered; however, pi1 becomes almost massless, as remarked also in [16]. The dominant
contribution to its mass then arises from QCD instanton effects:
mpi1 ≈
N
2
√
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Λ2QCD
f
≈ 70 keV
√
N
2
(
5 TeV
Λ
)
, gρ = 4pi/
√
N. (37)
Its phenomenology is then equivalent to that of an axion with couplings to the gluon and electro-
magnetic field strengths of order
fG[γ]a ≈ 1 TeV
[
103 TeV
]( Λ
5 TeV
)√
2
N
. (38)
While this possibility is already excluded by astrophysical observations and laboratory searches [60,
61], these bounds can be evaded formpi1 & 400 MeV, which requiresMD = 2ML & 10 keV (5 TeV/Λ).
Increasing the number of flavors increases the number of light particles. For example, theories
with NF = 6 contain an extra singlet with couplings similar to pi1. Going beyond NF = 6 introduces
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an interesting feature: some of the new singlets might not couple to the anomaly, and their mixing
with the Higgs in Eq. (25) might be their only portal to the SM. This occurs if the mass matrix
of the constituent fermions does not break all of the possible U(1)s. Thus it is natural to expect
axion-like particles, and possibly light Higgs-like particles, to appear in conjunction with the TeV
scale physics discussed in the previous sections.
4.3 Testing Unification
If one were to observe the new pion states at the LHC, one of the first questions to ask would
be whether the new matter is consistent with unification or not. To this end, one can measure
observables that are sensitive to the SU(5) symmetry.
SU(5) invariance (broken only by renormalization group running) predicts the ratio MD/ML ≈
2. This prediction can be tested by measurements of the meson mass spectrum. Assuming a
common scale that cuts off the gauge contributions to the pion masses, one can write
MD
ML
=
6g23
(
18m2QX − 9m2pi3 − 8m2pi8
)
+
(
9g22 − 25g′2
)
m2pi8(
6g23 − 25g′2
)
m2pi3 + 9g
2
2
(
8m2QX − 3m2pi3 − 4m2pi8
) . (39)
Here the gauge couplings should be evaluated at the cutoff scale, which is expected to be O(Λ).
In principle, this scale must itself be determined by further measurements of the strong sector; in
practice, the scale dependence of the couplings is a small correction.
Furthermore, in the context of the explicit UV completion of Sec. 3.2, additional tests are
possible. For example, the displaced decays of QX provide an opportunity to probe SU(5) invariance
in the various branching fractions. In appropriately constructed observables, such as
BR(QX → τ + j)
BR(QX → e+ b) + BR(QX → µ+ b) '
(
yτ
yb
)2(λL,τ
λD,b
)2 λ2D,d + λ2D,s
λ2L,e + λ
2
L,µ
, (40)
the effects of the strong coupling cancel, leaving only calculable SU(5) violation from the (weak)
running of the couplings.
5 Conclusions
In this work we consider extensions of minimal supersymmetry which preserve gauge coupling
unification. We have enumerated the list of viable theories with vector-like matter charged under a
new gauge group. In these theories, which happen to fall in the supersymmetric conformal window
in the UV, the confinement scale is tied to the mass scale of the superpartners. Minimal split
supersymmetry places this confinement scale between ∼ 1− 103 TeV, so that the composite states
of the new sector lie within reach of the LHC or, at worst, a 100 TeV collider.
The low energy spectra of these theories include pion-like pseudoscalars and ρ-like vector mesons.
If explicit chiral symmetry breaking is small, we expect the pions to be the lightest new states.
Their properties are summarized in Tables 5 and 6. While the precise phenomenology, including
the pion lifetimes, depends on the details of the UV completion, limits on pi8 are unavoidable and
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force the confinement scale to be & 2 TeV. If some of the colored or charged pions are collider
stable, then the confinement scale is forced to be & 7 TeV, provided the pions are sufficiently light.
In addition, there are signals that would be interesting to explore further at the LHC: QX
cascade decays (involving final states with up to four leptons, two jets, and missing energy, with
some of these objects being resonant), jZ resonances (singly and pair produced and in association
with jj and jγ resonances of the same mass), and final states with two pairs of resonant electroweak
gauge bosons. Furthermore, there is a natural limit of these theories in which TeV scale states are
accompanied by ALPs and other light pseudoscalars whose properties can be predicted once enough
is known about the spectrum of the heavier states. If CP is violated, some of these states can mix
with the SM Higgs and can be produced and decay in this way.
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